Chapter 6. pn-junction diode:
|-V characteristics

« Topics: steady state response of the pn junction diode
under applied d.c. voltage.

pn Junction under bias (qualitative discussion)
|deal diode equation

Deviations from the ideal diode
Charge-control approach
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Carrier flow in equilibrium

~— @

(a) Equilibrium (V, = 0)

Electron diffusion current is precisely balanced by electron

drift current.

n|drift — 'n|diffution

hole diffusion current is also balanced by hole drift current.

p|drift — ! p|diffution

Thus, no net current across the junction.

Prof. Yo-Sep Min Electronic Materials: Semiconductor Physics & Devices Chapt. 5 - Lec 11-2



Carrier flow under forward bias

®
P —— _ ® 0
TN e 00 E, In|drift < In|diffution
——————————— Eg,
----------- E fromp-ton-side
O 0 05
O O = —i0 . I TR I ' [
p|drift p|diffution

e As the potential hill linearly decreases with
'IC < ) the forward bias, the number of majority
I carriers which have sufficient energy to

Va>0

surmount the potential barrier
exponentially goes up with V,.

(b) Forward bias (V5 > 0)

It is expected that forward current (i.e., majority carrier diffusion
current) exponentially increases with V,.
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Carrier flow under reverse bias

The majority carrier diffusion across the
junction is negligible.

The minority carrier drift is still allowed
to flow the reverse current (i.e., minority
carrier drift current) across the junction
(from n- to p-side).

(c) Reverse bias (Vo < 0)

The reverse current is expected to be extremely small in
magnitude, due to the low concentration of the minority carriers.

As V, negatively increases, the reverse current is also expected
to saturate, once the majority carrier diffusion currents are
reduce to a negligible level at a small bias.
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Ch 6-1 The ideal diode equation

Net current = | i — | i
At equilibrium (V,= 0), net current = 0
set “diff‘vAzo = “drift ‘VA:O =1
|l4:] Saturates and does not change with V, (Why?)

Because the drift current is limited NOT by HOW FAST
carriers are swept across the depletion layer, but
rather HOW OFTEN. - think a waterfall !

Iy varies exponentially with V, (Why?)

Because the number of carriers which have sufficient
energy to surmount the potential barrier exponentially
goes up with V,.
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Ch 6-1 The ideal diode equation

4wl = 1o €Xp (VA/V,) Where |y and V, are constants.

ref

At any applied voltage, V,, | = IOeVANref —|drift

—_ VA/Vref _
=1|,e |

e 1)

since lg«= |, at any voltage.

<— Exponential . VA /\/ ref )
| = Io(e 1

> Va Predicted equation for
ideal diodes

Constant
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pn junction under various bias conditions

Va=0 V,>0 V<0
| | | I
| ! |
£ E E
P " P n P n
Majority hole diffusion Majority hole diffusion Majority hole diffusion
current current current
Minority hole drift Minority hole drift Minority hole drift
current current current
Majority electron diffusion Majority electron diffusion Majority electron diffusion
current current current
Mi_nority electron Minority electron drift Minority electron drift
drift current current current

Prof. Yo-Sep Min Electronic Materials: Semiconductor Physics & Devices Chapt. 5 - Lec 11-7



ldeal diode equation: quantitative solution

« Assumptions which must hold

— The diode is being operated under steady state
conditions

— A non-degenerately doped step junction models the
doping profile

— The diode is one-dimensional

— Low-level injection prevails in the quasi-neutral regions

— There are no processes other than drift, diffusion, and
thermal recombination-generation taking place inside
the diode, specifically, G, =0
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ldeal diode equation: quantitative solution

We want to obtain a current equation of diode against V,.
Therefore the total current can be obtained from the total current
density (J). | = AJ

Note that the total current density (J) is constant throughout

the diode under the steady state, but the J, and J, vary with

position. 3123,00+3,(%)

The J,(x) and J,(x) should be expressed as a function of x by
using the following equations,

dn dp
J,=qu.nE+gD, 6 — J, = E+qD, —
n = Ak d " dx p = AHpPE Y " dx

The n and p can be evaluated by using the continuity equation.
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ldeal diode equation: quantitative solution

Quasi-neutral region consideration

~Xp T X,
Depletion region

Quasineutral p-region Quasineutral n-region

Let's consider the J,(x) and J,(x) in the quasi-neutral regions,

because the continuity equation can be simplified to the minority
carrier diffusion equation in this region (note that £ = 0 and the

low level injection assumption).

2
c 8Anp_ aAnp_An

Minority carrier ~ “Dh oz " +G,| for electrons in p-type
diffusionequaiton; 2 :
OAp 0°Ap, Ap _
—=D - —1+G _
\ ot PV R | for holes in n-type

p
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ldeal diode equation: quantitative solution

Quasi-neutral region consideration

Under the assumption of the steady state with G, = 0,

O0°An_  An
Already we know 0=D, £+ <-
_ OX° T, X = Xp
the generalsolution
O°Ap, AP, >
=0 ox> 1 2

p
Anp(X) — Ae—X/Ln +BeX/L“ Apn (X) _ Ae—X/LIO +BeX/Lp

Since = 0 and dny/dx = dpy/dx = O In the quasi-neutral
region, (note that n = n, + Anand p = p, + Ap)

dn dAnN
J = NE+qgD, — — P
n = ks q " dx —— J, =qDh, dx X = -X,
dp dA
Jp:q,Upprrqu& — J,=0qD, d)lzn X 2 X,
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ldeal diode equation: quantitative solution

Depletion region consideration
In the depletion region, £ # 0 so, the continuity equation must

be used under our assumptions (steady state and only
thermal R-G process).

on_103, on|  _on , 183, an
o q ot erma ot others OX ot | thermal
A q x ot tF?—G | (Ig[ghtetc.) q R-G

oJ
e - I R
I T = S q x ot fpere

Additionally, we can assume that thermal R-G process is
negligible throughout the depletion region.

oJ 0J
Thus, 0=—/" and 0=—2 at —X,=X=X,
OX OX
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ldeal diode equation: quantitative solution

Depletion region consideration

_ % and 0:8‘]_!0 at —x, <X<X,

OX OX

0

This reveals the constancy of the carrier currents throughout
the depletion region (including the edges).

‘]n(_xp SX= Xn) :‘Jn(_xp) :Jn(xn)

Jo (=X, <x<x)=J,(=%X,) =J,(X,)

Summing two equations,

3 =3,(-%,) +3, (%)
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ldeal diode equation: quantitative solution

Boundary conditions

% If the ohmic contacts are far
o—I P / N I—a enough from the edges of the
7 depletion region, the boundary
T P T conditions at the ohmic contacts

Any(p-contact)  Any(-xp) Apy(xp)  Apy(n-contact) will be

An (X — —0) =0

Ap, (X —> +x) =0

......... S .

1 ~ < | Fi

E]:p E FP \ﬁ; ________ Ei n
I

[Band diagram inside a forward-biased diode]
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ldeal diode equation: quantitative solution

Boundary conditions

! P T

Any(p-contact) Anp(-x;) Apy(x,)  Apn(n-contact)

To establish the boundary conditions at the edges of the
depletion region, consider the definition of the quasi-Fermi
levels.

F, =E, —kT In[r?ij F, =E +kT |n[:ij
E E-F, FoF,
n= nie(F”kTE') p= nie( kT ] Thus, np = nize[ KT J
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ldeal diode equation: quantitative solution

Boundary conditions

E\i E (Fn Fp)
_________ __Fy . n n2e kT
Epp / ;;\‘OE——/—————-EF" P |

: P ;

\ Ey EFn qV

3 2

[F, and F, variation inside a forward-biased diode]
Assuming F —F,=qV,, F =E_., and F, =E. throughout

the depletlon reglon
|:n _Fp < EFn _EFp :qVA

Therefore, |np=n?e®»' | —X, <X<X,

This equation is referred to as the “law of the junction”.
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ldeal diode equation: quantitative solution

Boundary conditions

np n quA/kT

—X, <X <X,

At the p-edge of the depletion region,

2
n.
n(—Xp)p(—xp) — n(—xp)NA _ niZGCIVA/kT or n(—xp) _ M qvan

NA
'2 qVa /KT n’
An_(—X n,(—X n X, )=—-=e""*" ———
Then, AN, (=X,)=n,(=X,)—n, (=X,) = N, N,
2
An(—x,) =—" (quA’kT 1)
NA
n’
Similarly at the n-edge, |Ap,(X,) = N—'(quA’kT —1)
D
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Plan for the quantitative solution
1) Solve the minority carrier diffusion equations employing

boundary conditions

82Anp An,
= n —_ < _X
Ox*° T X=X,
2
0-D, I AP0 AP x>x
N T

p
An (x) =Ae™ +Be '
Ap. (x) =Ae ¥ +Be '

An (X — —00) =0

€=0 €-0

Quasineutrdl p-region

n
Depletion region

Quasineutral n-region

Ap, (X = +x) =0

n’
An, (_Xp) _ N_(quA/kT _1)
A

Prof. Yo-Sep Min

Ap, (X,) =

2

:I_iD (quA/kT _1)
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Plan for the quantitative solution
2) Compute the minority carrier current densities in the quasi-

neutral regions using dAn
J. =qgD P < -
{ n =Aab, dx X S =X,
dAp,
J,=0aD, Ix X = X,

3) Evaluate the quasi-neutral region solutions for J(x) and
Jy(X) at the edges of the depletion region and then sum the
two edge current densities.

3 =3,(-%,) +3, (%)

4) Finally, multiply the result by the cross-sectional area of

the diode.
| = AJ
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Announcements

* Next lecture: p. 247 ~ 259
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